Abstract Exercise-induced positive changes in skeletal muscle properties and metabolism decrease the risk for disability, cardiometabolic diseases and mortality. Here, we studied muscle properties and glucose homeostasis in a non-exercise stage in twin pairs with cotwins discordant for physical activity habits for at least 32 years of their adult lives. Isometric knee extension force, MR imaging of midthigh tissue composition and muscle volume, and fasting blood samples were acquired from 16 same-sex (seven monozygotic, nine dizygotic) middle-aged and older twin pairs. The consistently active twins had 20 % higher knee extension forces than their inactive co-twins (p00.006) although the active twins had only 4 % higher midthigh muscle cross-sectional areas (p00.072). These results were similar in intrapair analysis in which only the seven identical twin pairs were included. The ratio between the area of midthigh fat and muscle tissues was significantly lower among the active twins (0.65 vs. 0.48, p00.006). The active twins had also lower fasting plasma glucose levels (5.1 vs 5.6 mmol/l, p00.041). The area of midthigh intramuscular (extramyocellular) fat was associated with the markers of glucose homeostasis, especially with glycated hemoglobin, and these associations were emphasized by the diabetic and inactive twins. Regular exercise throughout the adult life retains muscle strength and quality but not necessarily mass. The regular use of muscles also prevents from the accumulation of intramuscular fat which might be related to maintained glucose metabolism and, thus, prevention of metabolic disorders.
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Introduction
In humans, muscle tissue starts to decrease around the fifth decade of life. The loss of muscle mass is linked to loss of muscle fiber number and size, muscle strength, power, and endurance (Deschenes 2004; Faulkner et al. 2007 ). Regular physical activity can preserve as well as increase skeletal muscle mass and strength at all ages (PAGAC 2008) . Maintenance of muscle properties has notable benefit for the prevention of age-related disability (Rantanen et al. 1999; Janssen 2006) , and high muscle strength is associated with lower mortality Ruiz et al. 2008) . Moreover, exercise-induced positive changes in skeletal muscle structure, function, and metabolism are linked to delay in the progression of multiple diseases (Wolfe 2006; Kujala 2009 ).
Skeletal muscle volume accounts for the majority of glucose uptake. In individuals with type 2 diabetes mellitus, glucose uptake is reduced by the insulin resistance of skeletal muscle. Exercise training improves the skeletal muscle glucose transport system, but the effects are rather short-lived if they are not followed by another bout of exercise (Henriksen 2002; Boule et al. 2005; Hawley and Lessard 2008) . Thus, regular physical activity offers a beneficial way to enhance glucose homeostasis also in insulin resistant muscle. Here, we studied the effects of long-term leisure-time physical activity vs. inactivity on skeletal muscle properties and glucose homeostasis in a non-exercise stage in middle-aged and older co-twins of twin pairs discordant for physical activity habits.
Methods

Subjects
Twin pairs discordant for physical activity were initially identified from the Finnish twin cohort (N 05,663 healthy pairs) by self-reported physical activity assessments conducted in 1975 and 1981 (Kujala et al. 2002) . All pairs who were discordant for physical activity in both assessments were selected for a retrospective physical activity follow-up in which their physical activity history was obtained for each 5-year period, from 2005 back to 1980, by means of a telephone interview (Waller et al. 2008) . Recall was anchored to relevant life-events. Twin pairs with consistent discordance in physical activity habits throughout the follow-up were invited to participate in the TWINACTIVE study measurements held in 2007 (Leskinen et al. 2009a) . Overall, 16 samesex middle-aged and older twin pairs (seven monozygotic (MZ) and nine dizygotic (DZ) pairs, five female and 11 male pairs, age range 50-74 years) were able to participate in the measurements and were discordant for physical activity at every time point at which their physical activity habits were assessed. The baseline was set to year 1975 when the physical activity discordance was detected for the first time. Thus, overall, the 16 twin pairs were documented of having continuous physical activity discordance for 32 years of their adult lives. The follow-up's mean metabolic equivalence task (MET) difference, that is, the average difference in leisure-time activity habits between the inactive and active co-twins, was 8.8 MET h/day (2.2±2.3 vs. 11.0 ±4.1 MET h/day, p<0.001, respectively). This is the equivalent of, for example, the exercise volume of a 2-h walk. The most common types of physical activity engaged in by the active twins during the previous 12 months were walking (30 % of total physical activity volume), jogging (11 %), and cross-country skiing (9 %). At the end of the follow-up, the co-twins did not differ in work-related physical activity and alcohol or tobacco use, and they had only minimal difference in their daily energy intake (Leskinen et al. 2009a; Rintala et al. 2011 ).
Physical activity assessment
Discordance for physical activity was defined on the basis of a series of structured questions on leisure-time activity and physical activity during journeys to and from work. Leisure-time activity was quantified as metabolic equivalent units (average intensity of activity (MET) × average duration of one session (in hours) × (monthly frequency / 30 days)) and expressed as the sum score of leisure-time MET hours per day (Kujala et al. 1998; Waller et al. 2008; Leskinen et al. 2009a ).
Muscle force measurements
Maximal isometric left knee extensor force was measured in a sitting position using an adjustable dynamometer chair (Good Strength, Metitur, Palokka, Finland) as described earlier (Sipilä et al. 1996) . Briefly, the left knee was set at an angle of 60°from full extension. Overall, four maximal efforts with a 30-s pause between each were conducted. The best performance was accepted as a result. In addition to maximal force, the maximal rate of force development over an interval of 10 ms was recorded. Knee extensor force was measured in 27 cotwins (13 complete pairs). Co-twins with multiple diseases (n02), long-standing diabetes (n02), and polio (n01) were excluded. Left maximal handgrip force was measured with the elbow flexed at 90°using the same adjustable dynamometer chair and the same protocol as described above. Left hand grip force was measured in 31 co-twins (15 complete pairs), excluding the co-twin with polio affecting the left hand.
Midthigh muscle tissue composition acquisition
Nine axial T1-weighted MR images of 10-mm thickness and with a 20-mm slice interval were acquired from the left midthigh using 1.5 T GE-Signa Exite HD CVi with a matrix of 384×256, field of view 40× 28 cm, and gradient echo sequence with TR/TE 550/ 15.2 ms (FSE-XL PulsSeg). The midslice (fifth image) was positioned at the midpoint lengthwise of the left femur. The midpoint of the femur was skin-marked using the greater trochanter and join line of the knee as anatomical landmarks. The midslice was used for the detailed analyses of the total midthigh cross-sectional area, muscle cross-sectional area, knee extensor (musculus quadriceps femoris) cross-sectional area, and the intramuscular (extramyocellular) and subcutaneous fat areas. Segmentation was made manually using OsiriX software (OsiriX Foundation, Geneva, Switzerland). Muscle tissue was detected by setting a density threshold and using the automatic segmentation parameters. The midthigh volume was calculated from the part of the thigh which all nine slices covered (lengthwise 16 cm) using automatic volume calculation. Fifteen complete pairs were included in the MR analysis because one co-twin was not imaged.
Blood studies
Ten-hour fasting plasma samples were collected by venipuncture after 10 min of supine rest. Plasma glucose was determined using Biosen C-line (EKF-diagnostic, Magdeburg, Germany) and serum insulin by IMMULITE® 1000 Analyzer (Siemens Medical Solution Diagnostics, Los Angeles, CA, USA). The HOMA index was calculated using the formula: (fasting plasma glucose × fasting plasma insulin) / 22.5 (Muniyappa et al. 2008) . Glycated hemoglobin (Hb A1C ) was analyzed using HPLC Variant II (BioRad Laboratories, Munich, Germany). Subjects were advised not to exercise vigorously (except for walking and other routine activities) during the 2 days before their laboratory visit as we were investigating longterm adaptations to exercise.
Other measures
Body composition was determined after an overnight fast using an InBody (720) (Biospace, Korea) eightpoint tactile electrode multifrequency impedance plethysmograph body composition analyzer. We also administered symptom-limited maximal clinical exercise tests with a cycle ergometer and estimated VO 2peak from the highest load achieved in the test. The zygosity of the co-twins was verified at the Paternity Testing Laboratory (National Public Health Institute, Helsinki, Finland) using DNA extracted from a venous blood sample with a battery of ten highly polymorphic gene markers.
Ethics
The TWINACTIVE study was conducted according to the guidelines for good clinical and scientific practice laid down by the Declaration of Helsinki. The study was approved by the Ethics Committee of the Central Finland Health Care District, and all the participants gave their written informed consent.
Data analysis
Pairwise analyses were used to study differences between the co-twins of the twin pairs. Normality of the means was assessed with Shapiro-Wilk test. Student's paired t test was used for normally distributed data and the Wilcoxon matched-pair signed-rank test for nonnormally distributed data. Ninety-five percent confidence intervals were calculated for the absolute mean differences between the inactive and active co-twins. By studying same-sex twin pairs, all the pairwise analyses were age-and sex-adjusted. The Pearson correlation coefficient was used for the correlation analyses. When calculating individual-based coefficients of determination (R 2 ), the within-pair dependency of twin individuals was taken into account using the cluster option of Stata (svy: regress) (Williams 2000) . The level of significance was set at p<0.05. Data were analyzed using IBM SPSS Statistics 19 and Stata 8.0 software.
Results
At the end of the follow-up, the active twins were more active, more fit, and leaner than their inactive co-twins (Table 1 ). The maximal knee extension force was 20 % higher among the active twins (p00.006). This finding was consistent for the MZ and DZ pairs (Fig. 1a) . The rate of force development was rather similar among the co-twins (pairwise analysis, p0 0.71). No differences in hand grip forces were found (inactive twins, 422.4 N (SD 156.1) vs. active cotwins, 428.1 N (SD 126.5), p00.72). The difference in midthigh muscle cross-sectional area between the co-twins was nonsignificant (Fig. 1b) , but the active twins had substantially lower fat-to-muscle tissue ratio (Fig. 1c) . There was a rather small difference in midthigh muscle volumes between the co-twins (pairwise analysis, p00.28) ( Table 2) . Fasting plasma glucose levels were higher among the inactive co-twins (5.6 vs. 5.1 mmol/l, p00.041) and the difference remained significant when the diabetic co-twins (three inactive and one active) were excluded from the pairwise analysis (5.3 vs. 4.8 mmol/l, p00.012, n013 pairs). The remaining differences in the markers of glucose homeostasis between the co-twins were nonsignificant (see Table 1 ). We found high associations between the intramuscular (extramyocellular) fat area per se and the markers of glucose homeostasis (R 2 00.22-0.30), although after excluding the diabetic twins (n04), the relationships were more modest (R 2 00.08-0.10). Furthermore, the inactivity seemed to highlight the association as the correlations coefficients between intramuscular fat and the markers of glucose homeostasis were higher among the inactive twins (r00.59-0.69, n016) compared to active twins (r00.30-0.39, n015). The most constant association was found between the intramuscular fat area and Hb A1C (R 2 00.30, p00.03, n031 twins; R 2 00.10, p00.06, n027 non-diabetic twins) (Fig. 2a) . This association was also found to be high in the intrapair difference correlation analysis (r00.55, p 00.03, n 015 pairs; r 00.54, p 00.07, n 012 nondiabetic pairs) (Fig. 2b) . The correlation coefficient between intramuscular fat area and Hb A1C among the inactive twins was 0.591 (p00.016, n016) (Fig. 2c) .
Discussion
Physical activity seems to be an efficient way to slow down the loss of muscle strength and muscle atrophy in middle to old age (Sipilä and Suominen 1995; Sipilä et al. 1996; Tarpenning et al. 2004; Goodpaster et al. 2008) . Our results add to the existing findings by suggesting that long-term physical activity preserves muscle strength independently of genes (Tiainen et al. 2004 ). However, we found only rather small intrapair differences in midthigh muscle volumes (intraclass correlation of 0.93 in the 15 pairs) between the cotwins. This is consistent with the idea that genes make a major contribution to body structure and muscle function (Nguyen et al. 1998; Tiainen et al. 2008) . Moreover, this finding only reflects the fact that aerobic-type training (e.g., walking and jogging) does not affect lower limb muscle mass or handgrip strength. The difference observed in knee extensor force between co-twins could therefore be explained by a better muscle force-producing system, including neural factors, and by the better muscle quality among the active twins (Tarpenning et al. 2004; Faulkner et al. 2007; Frontera et al. 2008 ). Hence, exercise-induced retention of muscle strength rather than that of muscle mass could be the key factor in the maintenance of muscle function to avoid age-related mobility limitations (Hughes et al. 2001; Visser et al. 2005; Goodpaster et al. 2006; Newman et al. 2006; Delmonico et al. 2009 ). Furthermore, regular physical activity is an effective way to slow down the age-and/or inactivity-related infiltration of muscle fat Delmonico et al. 2009; Leskinen et al. 2009b ). However, the role of muscle fat infiltration in strength loss, muscle weakness, and mobility limitations needs further study (Visser et al. 2005; Goodpaster et al. 2008; Delmonico et al. 2009 ).
Regular physical activity maintains glucose homeostasis (Henriksen 2002; Boule et al. 2005; Petersen and Shulman 2006; Church et al. 2010; Mikus et al. 2012 ). Moderate-intensity exercise decreases the risk for type 2 diabetes mellitus (Henriksen 2002; Jeon et al. 2007; PAGAC 2008) , even at low levels of activity (<150 min/week) (Waller et al. 2010 ). Disuse of muscles (due to inactivity) decreases metabolic flexibility and induces lipotoxity, that is, muscles start to fill with fat (Eckardt et al. 2011 ). This muscle fat infiltration is frequently linked to the insulin resistance (Taube et al. 2009 ), excluding the findings from endurance athletes who may have high amounts of intramyocellular fat in their insulin sensitive muscles (Goodpaster et al. 2001) .
In this study, we found the plasma glucose levels to be significantly higher among the persistently inactive cotwins (Table 1 ). The markers of glucose homeostasis Fig. 2 were correlated with the amount of infiltrated fat, and the associations were emphasized when the diabetic and inactive twins were included. Our correlation analysis highlighted the relationship between the amount of intramuscular (extramyocellular) ectopic fat and the level of Hb A1C , as shown in Fig. 2 . Hb A1C , which is the measure of long-term plasma glucose concentration, is one of the mediating factors by which exercise decreases the risk for cardiovascular events (Thomas et al. 2006; Mora et al. 2007; Church et al. 2010) . However, the link between the intramuscular lipid accumulation and insulin resistance is not yet fully understood (Goodpaster et al. 2001; Goodpaster and Brown 2005; Dube et al. 2008; Hawley and Lessard 2008; Taube et al. 2009; Eckardt et al. 2011) . One of the suggestions for the association could be the reduced aerobic capacity among the inactive co-twins (Leskinen et al. 2010) . However, although the number of mitochondria might be reduced in an insulin resistant skeletal muscle, the mitochondrial respiratory capacity can be maintained normal (Larsen et al. 2011 ).
As such, the accumulation of ectopic "high-risk" fat and adipocyte function are important mechanisms in mediating the prolonged effects of life-long regular exercise on glucose metabolism (Goodpaster et al. 2000; Boule et al. 2005; Petersen and Shulman 2006; Dube et al. 2008; Leskinen et al. 2009b; Taube et al. 2009; Rector and Thyfault 2011) . Notably, the cotwins did not differ significantly in either body weight or BMI (see Table 1 ), and there were no differences in their fat intakes (Rintala et al. 2011 ), yet the inactive co-twins had significantly more visceral, intramuscular, and liver fat, as we have reported earlier (Leskinen et al. 2009b) . Therefore, we can also conclude that the disadvantage of prolonged inactivity is not necessarily seen in body weight status but rather in specific risk factors of metabolic deterioration (Patel et al. 2011) .
Our study included an extensive follow-up of leisure-time physical activity habits during adult life (from the thirties to sixties). The baseline was the year 1975, when the first physical activity data were available, but it is probable that the discordance in physical activity had begun earlier. We used structured physical activity questionnaire which has shown high reliability in previous studies (Kujala et al. 1998; Kujala et al. 2002; Waller et al. 2008; Leskinen et al. 2009a ). Although we used validated methods to document leisure-time physical activity, subject's understanding on what leisure-time physical activity is may have changed over time. However, all of our physical activity assessments clearly differentiated inactive and active co-twins in the intrapair analyses. Due to our strict criteria for the physical activity discordance, we ended up with rather a small sample size. However, we are dealing with very unique phenomenon. Despite the fact that different persistent activity levels are common, it is less common that co-twins of a twin pair have persistently different activity levels. According to the classic twin design, MZ co-twins are genetically identical at the sequence level, and the intrapair differences (discordance) in MZ twins are due to environmental factors, taken very broadly. Therefore, we were also able to control for shared genes and childhood environment that may confound the traits studied.
In conclusion, our co-twin control study showed that long-term physical activity preserves knee extensor muscle strength. This finding underlines the role of voluntary, mostly aerobic type of physical activity in maintaining muscle quality, but not necessarily mass. These results were similar in intrapair analysis in which only the seven identical twin pairs were included. Regular exercise, namely, use of muscles, prevents also from the accumulation of intramuscular fat which might be related to maintained glucose metabolism and, thus, prevention of metabolic disorders.
